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Abstrat
We have studied the eletroni struture of 3d transition-metal-MgB2 alloys, Mg0.97TM0.03B2,
(TM ≡ Sc, T i, V, CrMn, Fe, Co, Ni, Cu, Zn) using Korringa-Kohn-Rostoker oherent-potential
approximation (KKR-CPA) method in the atomi-sphere approximation (ASA). For unpolarized
alulations, our results for Mg0.97TM0.03B2 alloys are similar to that of 3d impurities in other s
and s−p metals. In partiular, the loal densities of states (DOS) assoiated with the 3d impurities
are similar to our earlier work on 3d impurities in bulkAl [P. P. Singh, Phys. Rev. B 43, 3975 (1991),
P. P. Singh, J. Phys.: Condens. Matter 3, 3285 (1991)℄. For spin-polarized alulations, we nd only
the alloys of V, Cr, Mn, Fe and Co with MgB2 to be magneti of all the 3d elements. We also nd
that Cr and Mn in MgB2 have a relatively large loal magneti moment of 2.43µB and 2.87µB ,
respetively. We have used the unpolarized, self-onsistent potentials of Mg0.97TM0.03B2 alloys,
obtained within the oherent-potential approximation, to alulate the eletron-phonon oupling
onstant λ using the Gaspari-Geory formalism and the superonduting transition temperature Tc
using the Allen-Dynes equation. We nd that the alulated Tc is the lowest forMg0.97Cr0.03B2 and
the highest for Mg0.97Zn0.03B2, in qualitative agreement with experiment. The alulated trend in
variation of Tc from Mn to Zn is also similar to the available experimental data. Our analysis of
the variation in Tc, in terms of the DOS and the spetral funtion along Γto A diretion, shows the
variation to be an interplay between the total DOS at the Fermi energy and the reation/removal
of states along Γ to A diretion [P. P. Singh, ond-mat/0201093℄.
PACS numbers: 74.25.Jb, 74.70.Ad
1
I. Introdution
The nature of interation responsible for superondutivity in MgB2 [1, 2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 12, 13, 14, 15, 16℄ suggests a gradual derease in the superonduting transition
temperature, Tc, upon addition of impurities [17, 18, 19, 20℄ with inreasing eletron/atom
ratio. A systemati inrease in the number of available eletrons is expeted to ll up the σ
holes in MgB2, whih are oupled strongly to the in-plane bond-strething mode of B, and
thereby redue the strength of the eletron-phonon oupling resulting in a derease in Tc.
The observed variation in Tc of alloys of Al with MgB2 and its understanding in terms of a
gradual lling up of σ holes provides a good example of this piture [21, 22℄.
Sine the eletron/atom ratio inreases as one goes from Sc to Zn, based upon the above
argument one expets the Tc to systematially derease as the dierent elements from the 3d
row are added toMgB2. However, the experimentally observed hanges in Tc of 3d transition-
metal-MgB2 alloys [20℄ do not seem to follow the expeted trend of a systemati derease
in Tc as one goes from Sc to Zn. For example, a 3% Mn-doped MgB2 (Mg0.97Mn0.03B2)
has a Tc of only 33.1K, while MgB2 doped similarly with Fe, Co and Ni show Tc's of
37.8, 35.7 and 37.8K, respetively [20℄. Surprisingly, Zn−doped MgB2 shows the highest
Tc (= 38.4K) of all the transition-metal-MgB2 alloys investigated so far [19, 20℄. The
observed hanges in Tc of transition-metal-doped MgB2 alloys, espeially as one goes from
Fe to Zn, are unexpeted even after making allowanes for magneti eets [23, 24℄.
To understand the hanges in the eletroni struture and the superonduting proper-
ties of MgB2 alloys upon addition of 3d transition-metal impurities, we have arried out
ab initio studies of Mg0.97TM0.03B2 (TM ≡ Sc, T i, V, CrMn, Fe, Co, Ni, Cu, Zn) alloys
using density-funtional-based methods. We have used Korringa-Kohn-Rostoker oherent-
potential approximation method [25℄ in the atomi-sphere approximation (KKR-ASA CPA)
[26℄ for taking into aount the eets of disorder, Gaspari-Gyory formalism [27℄ for al-
ulating the eletron-phonon oupling onstant λ, and Allen-Dynes equation [23, 24℄ for
alulating Tc in Mg0.97TM0.03B2 alloys. For understanding the variation in Tc as one goes
from Sc to Zn, we have analyzed our results in terms of the hanges in the spetral funtion
[25℄ along Γ to A [21, 28℄ and the densities of states (DOS), in partiular, the hanges in the
B p and the transition-metal d ontributions to the total DOS. The hanges in the magneti
alloys are desribed in terms of spin-resolved densities of states and the loal magneti mo-
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ments. Before we desribe our results, we outline some of the omputational details of our
alulation.
II. Computational Details
The harge self-onsistent eletroni struture of unpolarized as well as spin-polarized
Mg0.97TM0.03B2 alloys has been alulated using the KKR-ASA CPA method. We have
used the CPA suessfully to desribe the eletroni struture of Al−doped MgB2 alloys
[21℄. We parametrized the exhange-orrelation potential as suggested by Perdew-Wang
within the generalized gradient approximation [29℄. The Brillouin zone (BZ) integration
was arried out using 1215 k-points in the irreduible part of the BZ. For DOS alulations,
we added a small imaginary omponent of 1 mRy to the energy and used 4900 k-points in
the irreduible part of the BZ. The lattie onstants for Mg0.97TM0.03B2 were xed at the
MgB2 values. The Wigner-Seitz radius for Mg was slightly larger than that of B, while the
Wigner-Seitz radii of the impurities were equal to their bulk value as given in Ref. [30℄. The
maximum l used was lmax = 3.
As indiated above, the eletron-phonon oupling onstant λ was alulated us-
ing Gaspari-Gyory formalism with the harge self-onsistent potentials of unpolarized
Mg0.97TM0.03B2 alloys obtained with the KKR-ASA CPA method. Subsequently, the
variation of Tc was alulated using Allen-Dynes equation. The average value of phonon
frequenyωln for MgB2 was taken from Ref. [9℄ and µ
∗ = 0.09.
III. Results and Disussion
In this setion we present the results of our self-onsistent eletroni struture alulations
for Mg0.97TM0.03B2 alloys. We rst desribe the results of the unpolarized alulations in
terms of the total and the sub-lattie resolved DOS, inluding the loal DOS due to the
3d transition-metal impurity. From our spin-polarized alulations, desribed next, we nd
only the alloys of V, Cr, Mn, Fe and Co with MgB2 to be magneti of all the 3d elements.
These results are disussed using the spin-resolved DOS and the loal moments. Finally,
the alulated variation in Tc for Mg0.97TM0.03B2 alloys is ompared with the available
experimental data, and analyzed in terms of the DOS and the spetral funtion along Γ to
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A.
A. Unpolarized Total and Loal Densities of States
In Fig. 1 we show the alulated densities of states of Mg0.97TM0.03B2 alloys from Sc
to Zn, inluding the total DOS, N(E), and the onentration-weighted, sub-lattie re-
solved DOS for the two inequivalent sub-latties (N sub(E)) in MgB2. The two inequiv-
alent sub-latties onsist of the Mg and the transition-metal on one sub-lattie (N sub
1
(E) =
0.97N subMg(E)+0.03N
sub
TM(E)) and B on the other two sub-latties (N
sub
2
(E) = 2N subB (E)). As
we go from Sc to Zn, the inrease in the eletron/atom ratio moves the Fermi energy, EF , as
well as inreases the hybridization of the host s− p bands with the impurity d−band. The
hange in EF has important onsequenes for the superonduting properties of these alloys,
as disussed later. The inward movement of the d-band as we go from Sc to Zn is learly
manifested in the total DOS as well as the onentration-weighted DOS of Mg sub-lattie.
However, we nd that the DOS at the B sub-lattie remains largely unaeted due to the
transition-metal impurity, although the movement of EF hanges the B ontribution to the
total DOS at EF .
To be able to examine the hanges in the DOS of the transition-metal impurities and to
show the movement of the d−band as we go from Sc to Zn, we show in Fig. 2 the DOS
of the transition metal impurity N subTM(E) on the Mg sub-lattie in Mg0.97TM0.03B2 alloys.
We nd that the d−level rosses EF between Cr and Mn, resulting in a very high density
of states at EF for these alloys. The relatively high DOS for N
sub
Cr (EF ) and N
sub
Mn(EF ) points
to the possibility of loal magneti moment formation at the impurity sites. By the time we
ome to Zn impurity, the d−level is well inside EF and the impurity ontribution to the total
DOS has redued signiantly. We also nd that the lowering of d−level with inreasing
d−eletrons is aompanied by the narrowing of the d−band. For example, in the ase of
Zn impurity the width of the d−band is the narrowest, indiating almost an atomi-like
behavior of these d−eletrons. It is interesting to note that these results are qualitatively
similar to our results on 3d transition-metal impurities in Al [31, 32℄
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FIG. 1: The alulated total density of states (solid line) for Mg0.97TM0.03B2 alloys. The ontri-
butions to the total DOS from the Mg sub-lattie (dashed line) and the B sub-lattie (dotted line)
are also shown. Note that the Mg sub-lattie ontains both Mg and the transition-metal (TM)
impurity atoms. The vertial dashed line indiates the Fermi energy.
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FIG. 2: The alulated total loal density of states (solid line) for transition-metal impurity in
Mg0.97TM0.03B2 alloys. The vertial dashed line indiates the Fermi energy.
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FIG. 3: The alulated total density of states (solid line) for Mg0.97TM0.03B2 alloys with majority
(upper panel) and minority spins (lower panel). The majority and minority spins ontributions to
the total DOS from the Mg sub-lattie (dashed line) and the B sub-lattie (dotted line) are shown
in their respetive panels. The vertial dashed line indiates the Fermi energy.
B. Spin-Polarized Total and Loal Densities of States
The results of our spin-polarized alulations for Mg0.97TM0.03B2 alloys are shown in
Figs. 3-5. Our alulations show that the alloys of V, Cr, Mn, Fe and Co in MgB2 are
exhange-split, as an be seen in Fig. 3 where we have plotted the spin-polarized total and
the onentration-weighted, sub-lattie resolved DOS for V, Cr, Mn, Fe and Co in MgB2.
One again, we nd that the B sub-lattie remains unaeted due to magneti moment
formation at the impurity site on the Mg sub-lattie. To learly show the hanges in the
majority and the minority spin DOS of the Mg sub-lattie due to exhange-splitting in
the DOS of the impurity atom, we show in Fig. 4 the spin-resolved total DOS due to the
impurity atom. As expeted from the unpolarized alulations, the exhange splitting is the
largest for Cr and Mn alloys. The exhange-splitting in the DOS due to the impurity atom
leads to loal moment formation at these sites with Cr and Mn having loal moments of
2.43µB and 2.87µB, respetively. The loal moment on Co is very small (0.01µB). Note
that the total DOS of the impurity is dominated by the d ontribution and the loal moments
arise almost entirely due to the impurity d eletrons.
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FIG. 4: The alulated total loal density of states (solid line) for transition-metal impurity in
Mg0.97TM0.03B2 alloys with majority (upper panel) and minority spins (lower panel). The vertial
dashed line indiates the Fermi energy.
It must be pointed out that the alulation of loal moments in alloys is sensitive to
the volume that one assoiates with the impurity atom. Given the availability of eletrons
around Mg sub-lattie in MgB2 alloys, a judiious hoie of the impurity-atom volume is
essential for a reliable desription of the loal moments. In our alulations, we have hosen
the impurity atomi volume to be equal to the observed bulk value as given in Ref. [[30℄℄.
However, it is lear that Cr and Mn will show large loal moments in MgB2.
C. Superonduting Transition Temperature
We have studied the eletroni struture of Mg0.97TM0.03B2 alloys as a prelude to un-
derstanding the superonduting properties, espeially the superonduting transition tem-
perature Tc, of these alloys. In Fig. 6 we show our alulated Tc as well as the observed
Tc [19, 20℄ for Mg0.97TM0.03B2 alloys. The alulated variation in Tc aross the 3d row is
similar to the one observed experimentally for Mn to Zn in MgB2 [19, 20℄. Note that our
alulated Tc for MgB2 is equal to ∼ 30K, whih is onsistent with the results of other
works [7, 9, 10℄ with similar approximations.
The total DOS and the spetral funtion along Γ to A at EF are expeted to play an im-
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FIG. 5: The alulated loal magneti moment (lled irle) of the transition-metal impurity in
Mg0.97TM0.03B2 alloys.
portant role in deiding the Tc of Mg0.97TM0.03B2 alloys. Thus, in the following we examine
the hanges in these two quantities inMg0.97TM0.03B2 alloys as we go from Sc to Zn. In Fig.
7 we show the total DOS, N(EF ), the B p ontribution to N
sub
B (EF ) and the impurity d on-
tribution to N subTM(EF ) at the Fermi energy. Our alulations show Mg0.097Cr0.03B2 to have
the lowest Tc of all the 3d alloys, whih oinides with the highestN(EF ) of 11.93 st/(Ry cell)
as well as the highest d ontribution to the N subCr (EF ) of 66.15 st/(Ry atom), as an be seen
in Fig. 7. In ontrast, the B p ontribution is not enhaned resulting in the lowest Tc for
Mg0.97Cr0.03B2 within our approah. Similarly, the Tc for Mg0.97Mn0.03B2 is also small in
omparison with other alloys. Here, we like to point out that the exhange-splitting will
redue N subTM(EF ), leading to a smaller N(EF ) in the ase of magneti alloys. Thus, within
our approah, it would have led to an inrease in Tc. However, the inlusion of magnetism
with its pair-breaking eets [23, 24℄ will further redue the Tc. The gradual inrease in Tc
from Mn to Zn is due to enhaned B p ontribution to N subB (EF ) as well as a substantial
derease in the impurity d ontribution to N subTM(EF ) as shown in Fig. 7.
To further larify the reasons for the hanges in Tc in Mg0.97TM0.03B2 alloys, as we go
from Sc to Zn, we show in Fig. 8(a)-(d) the spetral funtion, A(k,EF ), alulated along Γ
to A diretion in Mg0.97TM0.03B2 alloys. For omparison we have also plotted A(k,EF ) for
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FIG. 6: The alulated (lled irle) and the experimental (lled square) variation of Tc in
Mg0.97TM0.03B2 alloys.
MgB2 in Figs. 8(a) and (d). As desribed in Ref. [21℄, the additional states reated along
Γ to A diretion redue the oupling between the hole-like ylindrial Fermi sheets with the
phonons whih, in turn, redues the Tc. Thus an alloy with A(k,EF ) similar to that ofMgB2
will show a Tc lose to that of MgB2. Carrying out suh a omparison in Fig. 8, we nd
that Mg0.97Zn0.03B2 will have a Tc lose to that of MgB2, while Mg0.97V0.03B2 will show the
lowest Tc of them all. The fat that our alulation shows Mg0.97Cr0.03B2 to have a lower
Tc than Mg0.97V0.03B2 is due to the relatively high impurity DOS at EF . In addition, in the
ase of Cr and Mn impurity in MgB2, the magneti eets will further redue the Tc [24℄.
These results reinfore the observation made in Ref. [21℄ that the way Tc hanges in MgB2
upon alloying depends dramatially on the loation of the added/modied k-resolved states
on the Fermi surfae.
IV. Summary
We have studied the eletroni struture of 3d transition-metal-MgB2 alloys using
Korringa-Kohn-Rostoker oherent-potential approximation method in the atomi-sphere ap-
proximation. Our results for the unpolarized alulations are similar to that of 3d impurities
in other s and s − p metals. From spin-polarized alulations we nd that only alloys of
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FIG. 7: The 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ulated total density of states at the Fermi energy (lled 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le, upper panel), B p
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lled 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le, middle panel) and the transition-metal (TM) d 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lled 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FIG. 8: The 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ulated spetral funtion along Γ to A, evaluated at the Fermi energy in
Mg0.97TM0.03B2 alloys. In 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V, Cr, Mn, Fe and Co in MgB2 are magneti, with Cr and Mn having the largest lo-
al magneti moment of 2.43µB and 2.87µB, respetively. We have used the unpolarized,
self-onsistent potentials of Mg0.97TM0.03B2 alloys, obtained within the oherent-potential
approximation, to alulate the eletron-phonon oupling onstant λ using the Gaspari-
Geory formalism. Then, with the help of Allen-Dynes equation we have alulated the
superonduting transition temperature Tc of these alloys. We nd that the alulated Tc is
the lowest for Mg0.97Cr0.03B2 and the highest for Mg0.97Zn0.03B2, in qualitative agreement
with experiment. The trend in variation of Tc fromMn to Zn is also similar to the available
experimental data.
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